Across languages, the speech signal is characterized by a ~4-5 Hz rhythm of the amplitude modulation spectrum, reflecting the processing of linguistic information chunks approximately every 200 ms. Interestingly, ~200 ms is also the typical eyefixation duration during reading. Prompted by this observation, we estimated the frequency at which readers sample text, and demonstrate that they read sentences at a rate of ~5 Hz. We then examined the generality of this finding in a meta analysis. While replicating the experimentally measured 5 Hz sampling rate in the language in which it was obtained, i.e., German, we observe that fixation-based sampling frequencies vary across languages between 3.1 and 5.2 Hz, with the majority of languages lying between 4 and 5 Hz. Remarkably, we identify a systematic rate reduction from easy to difficult writing systems. Reading in easy-to-process writing systems thus is aligned with the rhythm of speech, which may constitute an upper boundary for reading. We argue that reading is likely tuned to supply information to linguistic processes at an optimal rate, coincident with the typical rate of speech.
Introduction
When we listen to speech, our brain entrains to the frequency at which linguistic information enters the auditory system. For example, when spoken words are presented at a consistent rate of 4 Hz, the frequency spectrum of simultaneously measured electrophysiological brain activity shows a prominent peak at around 4 Hz (1), suggesting that the temporal structure of the linguistic stimulus drives neural processes in the auditory and language systems. Natural speech -which is considerably more variable in the time domain -produces characteristic frequency correlates in the theta-band of human electrophysiological brain activity, i.e., between 4 Hz and 8 Hz (2) . This in turn is consistent with the recent observation that, across languages, the speech signal amplitude changes at a frequency of about 4-5 Hz (3, 4) . These findings suggest that roughly every 200 ms, a chunk of information is processed in the brain when listening to speech (5) .
Interestingly -and we hypothesize not accidentally -the duration of a typical eye-fixation during reading is very similar, i.e. between around 200 ms for orthographically transparent languages like German or Finnish (6, 7) and 250 ms for character based writing systems like Chinese (7, 8) . Abundant research has used eye movement recordings to study reading with high temporal resolution. This includes the influence of various characteristics of the perceived words (such as their length, frequency of occurrence, or predictability out of the sentence context; for a review see (8) ), but also group comparisons, for example between dyslexic and typically developing readers (9, 10) . Among various measures that can be derived from eye movement recordings, including saccade length or word skipping rate (8) , timing measures like the duration of fixations are the most frequently examined variables and are generally considered precise markers of reading speed. However, unlike in other research fields (e.g., attention, (11) ), eye-movements in natural reading have so far not been investigated from a frequency perspective. While the observed fixation durations in reading suggest that the temporal sampling during reading may take place in a very similar time domain as speech perception, the sampling rate of reading has to date not been explicitly examined. Consequently, important open questions emerge, including (i) whether written language is sampled at similar frequencies as spoken language, (ii) whether the sampling frequency is specific for eye movements in reading in contrast to non-linguistic tasks, and (iii) whether the sampling rate of reading differs between languages or writing systems.
Here we adopted a frequency perspective on reading behavior to answer these foundational questions. In a first step, the sampling frequencies of 50 native speakers of German were determined while reading sentences and during a nonlinguistic control task, building on established empirical data (12) . Remarkably, it has not yet been systematically and quantitatively investigated whether mean fixation durations during reading indeed translate into similar sampling frequencies as observed for speech perception. To determine the generality of our empirical results and to investigate possible cross-linguistic differences in the sampling rate of reading, we next conducted a meta analysis. To this end, we implemented a frequency analysis for fixation durations extracted from published eye tracking studies of natural (sentence or paragraph) reading. The experimental and meta analytic results support the hypothesis of a common information uptake rate for reading and speech perception, which in reading, however, is modulated by the difficulty of the respective script.
Results: Empirical data
Fixation durations. Subject-specific sampling frequencies during reading were determined based on data from a previously published experiment (12) . 50 healthy volunteers read sentences from the Potsdam Sentence Corpus (144 sentences; 1,138 words; (6) ; presented as a whole) while movements of their right eye were tracked at a resolution of 1,000 Hz. As a non-linguistic control task, participants scanned 'z-strings' that were constructed by replacing all letters of the sentence stimuli by the letter 'z'. For example, the sentence "Ein berühmter Maler hat sich selbst ein Ohr abgeschnitten" (translation: A famous painter cut off his own ear.) was transformed to "Zzz zzzzzzzzz Zzzzz zzz zzzz zzzzzz zzz Zzz zzzzzzzzzzzzz." (See Materials and Methods for details).
After data preprocessing (leading to a removal of 3.1% of the data), we estimated the mean fixation duration separately for each participant and experimental condition. Figure 1a shows that fixation durations (presented here as subject-specific means) are shorter for reading in contrast to scanning (197 ms vs. 249 ms, respectively; Cohen's d = 1.57; t(49) = 11.1; p < .001). This observation has been reported previously for this dataset (12) and is also consistent with previous results for reading in German from other groups (13) .
Figure 1.
Empirical study of reading-related sampling rate. (a) Subject-specific mean fixation durations from 50 participants (dots) and the overall mean (cross) while reading sentences on the Potsdam sentence corpus (6) and scanning z-strings. Lines connect reading with z-string scanning data, per subject, to visualize effects at the single-subject level. Left panel shows the distribution of individual means separated by task (Blue: Scanning; Green: Reading) by using a kernel density estimation (similar in d and f). (b) Mean saccade probability (over all participants and stimuli, separated by task) relative to the first saccade of the sentence, with a non-linear regression line. (c) The sampling period t of one event is here defined as the duration of a fixation plus its preceding saccade. Displayed is the distribution of these sampling periods for sentence reading (green) and z-string scanning (blue), with estimated means (+ symbol and dashed lines) and modes (* symbol and solid lines). (d) Subject-specific mean sampling frequencies f (i.e., equals 1/t) and the overall mean (cross) based on the sampling periods shown in c. Lines connect reading with z-string scanning data, per subject, to visualize effects at the single-subject level. (e) Power-spectrum for reading and z-string Eye-movement sampling rate differs between reading and non-linguistic control task. As a first exploration of rhythmic eye movement patterns during reading, we plotted the saccade probability, relative to the first saccade of each stimulus (Figure 1b ; one probability value per sample; sampling rate 1,000 Hz). This demonstrates prominent peaks visible at regular intervals, giving a first indication that eye-movements follow a rhythmic structure in reading and scanning. To quantitatively estimate the dominant sampling rate we adopted two procedures: on the one hand, sampling rates were estimated from the fixation durations. Secondly, we also applied a more classical frequency analysis. While the former approach is important because fixation durations are also the basis for the subsequent meta analysis, the second approach allows us to evaluate the validity of fixation-based frequency estimation.
To estimate sampling rates from fixation durations, we first added to each fixation duration (N = 112,547) the duration of the preceding saccade, to estimate the respective sampling period t (i.e., the time from the start of a saccade to the start of the next). Figure 1c shows the distribution of all sampling periods across all participants, separately for reading and z-string scanning. Note that the mode (solid line) represents the predominant sampling period better than the mean (dashed line). This is a typical characteristic of ex-Gaussian distributions, which are generally found for fixation durations (14) and reaction times (15) . We then estimated an eye movement sampling frequency f for each participant and condition, by dividing 1 sec by the subject-specific mode of the sampling period. This analysis revealed a higher average sampling rate for reading relative to the control task, i.e., 5.03 Hz vs. 4.24 Hz, respectively ( Figure 1d ). This difference was significant (Cohen's d = -0.92; t(49) = -6.5; p < .001), and 45 out of 50 participants showed a numeric reduction of the sampling frequency from reading to scanning (grey lines in Fig. 1d ).
We finally reproduced this result with a canonical frequency analysis which was implemented by estimating the power spectra of reading vs. z-string scanning. For each task, we created a time series starting with the first saccade of the first participant and ending with the last fixation of the final participant. This time series was set to 1 at the exact time of saccade onset, and 0 elsewhere (1000 Hz sampling rate). Subsequently, we estimated the power spectrum of this event time course via the Fourier Transform, separately for each task and participant (see Materials and Methods for details). The result indicates the periodic components in the signal. Corroborating the results of the first analysis approach, a prominent peak was found at 5 Hz for reading and a broader peak around 4 Hz for scanning ( Figure 1e ). To submit the frequency analysis result to a statistical test, we estimated separate power spectra for each participant. Individual peaks were retrieved, averaged ( Figure 1f ), and submitted to a t-test. This analysis closely reproduces the sampling frequencies estimated from the mode of the fixation durations (4.97 Hz vs. 4.41 Hz for reading and scanning, respectively; Reading: r = .80; t(48) = 9.3; p < .001; Scanning: r = .62; t(48) = 5.5; p < .001), indicating a high validity of the eye movement based frequency estimations. In addition, the significantly higher frequency in reading could be found again (Cohen's d = 1.12; t(49) = -7.9; p < .001).
Interim summary.
A quantitative frequency-domain characterization of eyetracking data shows that the predominant sampling frequency during reading in German, across participants, is found at ~5 Hz. This frequency representation of the reading process converges with the predominant modulation frequency of the speech signal (3, 4) -which in turn has a clear reflection in the neuronal response to speech (2) . We observed the ~5 Hz peak during reading using two different analysis strategies, i.e., when estimating sampling frequencies from saccade and fixation durations as well as when analyzing in the frequency domain the sequence of saccade events over time. Attentive scanning of z-strings, in contrast, showed a significantly lower sampling frequency at ~4 Hz, convergent with findings from attentional reorienting tasks (11) . Note that the estimation of the sampling frequency in z-string scanning was less reliable when compared to reading, as indicated by a significantly lower across-person correlation between the two approaches to estimating the sampling rate (cp. r = .62 to r = .80, respectively; z = 2.0659, p = 0.04 (16) ). The reduced reliability is caused by the larger variation of fixation durations (i.e. Reading: SD = 23 ms; Scanning: SD = 47 ms; Cohen's d = 4.2; t(49) = 29.6; p < .001), which indicates that the rhythmic structure of z-string scanning is less pronounced. Given that reading takes place at a higher rate despite the fact that it is cognitively more demanding than the control task (see Materials and Methods), and given the high degree of similarity to the sampling rate of processing spoken language, we hypothesize that 5 Hz may reflect the preferred rate at which neural language systems process linguistic information, independent of the modality of presentation. As such, the rate is likely to reflect a cortical computation principle.
To be sure, this hypothesis is based on only a single dataset. If our empirical finding of a ~5 Hz sampling rate indeed represents a more fundamental property of cortical computation that applies to reading, it should generalize across languages and writing systems. On the other hand, writing systems differ substantially between languages (7, 17) , and even within writing systems, the mapping from orthography to meaning differs between languages (18) . For example, the letter a in cat vs. in ball maps onto two different speech sounds in English, whereas it maps onto only one speech sound in the German translations of these words, i.e., Katze and Ball. This letter-to-sound correspondence strongly influences reading acquisition (19) , so that opaque orthographies (i.e. writing systems with inconsistent letter-to-sound correspondence like English) are associated with lower reading accuracy during the first years of learning to read. Contrary to the claim for language-independent fixation durations, these differences between writing systems would be suggestive of cross-linguistic differences in the efficiency of reading. Recent experimental evidence like, e.g., the observation of longer fixation durations for Chinese as compared to Finnish or English (7) , seems to support this prediction. Given that German is a relatively transparent and thus easy-to-process orthography among alphabetic writing systems (e.g. 130 vs. 226 grapheme-to-phoneme rules for German and English, respectively; (18)), we conjectured that the empirically determined sampling rate of ~5 Hz when reading German may represent an upper bound for the sampling of text reading. To test these alternative predictions, we conducted a meta analysis of more than one hundred eye-tracking studies of reading covering 14 different languages.
Results: Meta analysis
In this meta analysis, we compared the sampling frequency of reading between 14 different languages, based on 1,420 fixation duration estimates extracted from 124 studies published between 2006 and 2016. In addition to this cross-linguistic comparison, we examined possible differences between character-based vs. alphabetic writing systems and, among the alphabetic writing systems, the effect of letter-to-sound correspondence.
All the studies selected for inclusion into the meta analysis reported mean fixation durations. However, as shown in Figure 1c , mean fixation durations are not a consistent and valid representation of the predominant sampling duration in the fixation data. We therefore developed a transformation function that allowed us to estimate the mode from the mean fixation durations reported in the original publications (see Materials and Methods and Supplement 1 for details). In brief, this involved (i) fitting ex-Gaussian distributions to 29 empirical fixation duration datasets, (ii) retrieving distributional parameters for each fitted distribution (specifically: μ, mean of the normally distributed component; σ, standard deviation of the normally distributed component; τ, parameter reflecting the rightward skew, i.e., representing the contribution of the exponential distribution), allowing us to (iii) implement a regression-based transformation function that is capable of converting a single mean into a mode fixation duration (see Materials and Methods and Supplementary Materials for more details). Figure 2a presents the final generalized mean-to-mode transformation function, applied to the full range of all possible fixation durations in the meta analysis. Figure 2b shows performance of this transformation, i.e., how well the modes of our 29 simulation datasets can be recovered by this function. The presented regression line nicely shows that, despite some unsystematic noise, the numeric transformation was nearly perfect (i.e., beta = 0.95; SE = 0.23; t = 4.1). To obtain the sampling period t (i.e., the interval from the onset of a saccade until the end of the following fixation; cf. the empirical study, above), a saccade duration estimate (28 ms; i.e., the mode of saccade durations from the reading dataset used in the first experiment) was added to each of the 1,420 mean fixation durations of the meta analysis dataset. This is feasible since saccade durations do not differ much between participants in reading, which corresponds to previous findings (e.g. (20) : range 20-39 ms, mean: 29 ms). Finally, the sampling period values (t) were transformed into frequency values (f = 1 / t ; see Materials and Methods). Fixation duration and sampling frequency: Descriptive statistics. Figure 3 shows that the majority of fixation durations derived from the reading studies were between 200 and 300 ms (upper panel), which transformed to sampling frequencies ranging from 3.1 to 5.2 Hz (lower panel). Relating these results back to our starting point, i.e., the language-independent peak in the speech modulation spectrum (3, 4) , we observe (a) that the mean reading-related sampling rates of all included languages fall within one standard deviation from the peaks of the speech modulation spectrum (Figure 3 , lower panel, dotted lines) and (b) that 10 of the 14 languages fall within the range of reported mean speech modulation rates (i.e., between the minimum and maximum reported, language-specific mean speech modulation rates; Figure 3 , lower panel, dashed lines). Of the 1,420 individual sampling rate values derived from the included studies, only 3.0% were lower and only 0.3% higher than one standard deviation around the mean of the speech modulation spectrum reported by (3) (see Fig 3, lower panel, violin plot) . Nevertheless, our observed mean sampling rate when averaging across all languages is at the lower bound of the mean range of the speech modulation spectrum (see Fig 3, Embedded boxplots show the median as well as one (box) and two (whiskers) standard deviations, crossed circles reflect the mean. For the right panel, dots reflect each study (mean number of fixation durations per study: 12.4); crossed circles reflect the mean across studies for each language. In the lower panel the dashed and dotted lines represent the mean range and standard deviations, respectively, for the amplitude modulation spectrum in speech (read out from Figure 3c in (3)).
Differences in sampling frequency between writing systems. The observed cross-linguistic differences, arguably, are related to differences in orthographic properties between languages. One plausible hypothesis is that the high perceptual complexity of character-based scripts (as opposed to alphabetic scripts; (17)) may modulate the rate at which written text is sampled. In line with this assumption, Figure 4a shows that the eye movement sampling frequency is significantly lower for Chinese (the only character-based language included; n = 256 sampling rates from 20 studies; mean: 3. But also among alphabetic languages, the orthographic difficulty of a writing system is likely to influence the speed of sampling the visual input, as discussed above. To examine this, we quantified orthographic difficulty as a continuous predictor representing the number of grapheme-to-phoneme rules (graphemes: letters or letter combinations that map onto one or multiple phonemes, i.e. speech sounds; cf. the example introduced above: to map the letter a to phonemes in cat and ball two rules are needed, while for the German translations Katze und Ball only one rule is needed) as defined by computationally implemented dual-route models of visual word recognition (e.g. (22)). To date, such implementations are available for five out of the nine alphabetic languages included in this meta analysis, which restricts this test to Italian, English, French, German, and Dutch (n = 1, 965, 3, 48 and 45 sampling rates, respectively; see (18) for a detailed comparison of the Dual-Route models). Figure 4b demonstrates that an increase of the number of grapheme-tophoneme rules significantly decreases the dominant eye movement sampling frequency during reading, indicating a reduced sampling rate for less transparent writing systems (Est: -0.14 Hz, SE = 0.04, t = 3.9; note that the interpretability of the apparent outlier result for Italian is limited since only one fixation duration was included). Interestingly, highly transparent orthographies like German or Dutch produce sampling rates around 5 Hz (Fig. 4b ). For these easy-to-process scripts we assume that the analogy between speech and eye-movement sampling during reading can be investigated best since difficulties that arise from the orthographic code are minimal. 
General discussion
In this (to our knowledge first) frequency-based investigation of eye movements during reading we show that reading operates in a comparable frequency domain as the auditory processing of natural speech. Our empirical data replicate in the frequency domain previous insights based on fixation duration measures (12, 13, 21, 22) that reading is implemented more efficiently even though linguistic processing is cognitively more demanding than non-linguistic scanning of letter strings (12) In addition, the sampling rate of reading is more variable than previously assumed. For example, Rayner (2009) claimed that even for very distinct orthographies like Chinese and English, "Chinese readers tend to have average fixations durations that are quite similar to readers of English." (p. 1461). Our results, in contrast, show sampling rates varying between around 3.1 and 5.2 Hz between languages. The modulation range of spoken speech varies more narrowly around 5 Hz (i.e., 4.3-5.4 Hz (3); 4.3-5.5 Hz (4)), excluding the lower range of frequencies observed for reading. Even though we have demonstrated that specifics (character vs. alphabetic or high vs. low grapheme-to-phoneme rules) of the writing system can slow down the sampling of written language within certain limits, it is remarkable that -even in the absence of any speech input -an internally controlled visualperceptual process -reading -seems to be associated to the rate at which spoken language is produced and typically perceived (i.e. all language based eyemovement sampling frequencies within one standard deviation from speech rates; 3.1-5.2 Hz). This convergence of findings for speech and reading argues, perhaps, for the existence of a perceptual principle underlying the temporal structure of linguistic information processing irrespective of modality.
The frequency perspective is not needed for the analysis of eye movements during reading since the majority of saccades in reading can be detected by the naked eye. In essence, the frequency representation of reading-related eye tracking data is merely a transformation of fixation and saccade duration data. That being said, this novel approach opens up several interesting new research perspectives. For example, it becomes possible to more directly compare reading behavior to evidence from other domains, such as brain activation data, and to other linguistic (e.g., speech perception (3, 4) ) or psychological processes (e.g., attention (11) ).
The frequency spectrum of spoken language is broadly distributed, but mean peaks are surprisingly stable across languages at 4.3-5.5 Hz (3, 4) . The auditory and linguistic systems of our brain entrain to this frequency range (more specifically: brain rhythms in the range of 4 to 8 Hz) when listening to naturalistic stimuli (e.g. (2) ). The observation that the active sampling frequency of our eyes in reading is also located in that range indicates that information extraction from linguistic stimuli follows a similar temporal structure in time irrespective of modality. A plausible account for this striking overlap is to assume that the linguistic system has a preferred rate of information uptake and acts as an internal generator process controlling the movement of the eyes from word to word during reading. Indirect support for this hypothesis comes, for example, from the observation that most readers experience an 'inner speech' during reading, and that manipulating the speed of inner speech during reading by associating text for example with fast or slow speakers has a causal effect on reading speed (23) (24) (25) .
In conclusion, we show that the temporal domain of active sampling of visual input during reading resembles to a remarkable degree the well-established rate at which speech is produced and perceived. We propose that the rate at which linguistic systems of our brain process spoken language also acts as a driving force for active and voluntary control of eye movements during reading. We speculate that this enables the visual system to supply linguistic information at a rate that is optimal for the brain's language system. The novel frequency perspective on reading that we adopt here opens up new perspectives in reading research, for example for understanding slow or impaired reading or for second language learning.
Materials and Methods

Eye tracking experiment
Participants. Fifty (13 male; 18-47 years old; M = 24 years) native speakers of German participated after giving informed consent according to procedures approved by the local ethics committee. All participants had normal vision and were students at the University of Salzburg. See our original publication of this dataset (12) for more details. Note that, relative to the original study, one participant was added.
Procedure. Movements of the right eye were tracked with a sampling rate of 1,000 Hz (Eyelink 1000, tower mount system; SR-Research, Ontario, Canada). We used a forehead and chin rest to fixate the head of participants at a distance of 60 cm from a 21" CRT screen. In the reading task, we used the Potsdam Sentence Corpus (PSC; (6) ) which consists of 144 sentences and a total of 1,138 words. Participants were instructed to read silently for comprehension, which was controlled by simple comprehension questions after 38 of the 144 sentences.
As a non-linguistic control task, participants performed a z-string scanning task using stimuli in which all letters of the sentence corpus were replaced by the letter z (preserving letter case, punctuation, and word boundaries; (see (26) , and examples above). Participants were instructed to visually scan the meaningless zstrings as if they were reading, but for obvious reasons, no comprehension questions were administered in this condition. Z-string scanning has been used as control task in previous studies (12, 13, 26, 27) . While it is difficult to find a reasonable control task for reading (for discussion, see, e.g., (13) ), z-string scanning proved to be interesting because participants produce similar scan path patterns (i.e. fixation position patterns) as when reading (12, 13, 26, 27) . Interestingly, while z-string scanning produced longer mean fixation durations than reading, the pupil response indicated higher cognitive effort in reading, in the dataset used here (12) . We take this dissociation between cognitive effort and reading time as evidence for the operation of reading-specific cognitive processes that go beyond mere attentional processes.
In each task, a 9-point standard calibration was performed before the 10 practice trials, before the experimental trials, and after a break halfway through the experiment. A calibration was considered accurate when the mean error was below 0.5° of visual angle. Visual stimuli were presented in black letters (monospaced, bold Courier New font; 14 pt., width ~0.3°) on white background with a 1,024 × 768 pixel resolution and a refresh rate of 120 Hz, using Experiment Builder software (SR Research, Ontario, Canada). In both tasks, a trial started when an eyefixation was found at a dot presented 100 pixels from the left margin of the monitor, at the horizontal level of the fixation cross. For this fixation check, realtime analysis of eye-tracking data was used to present the sentence only when a fixation of at least 100 ms was identified on the position of the dot. If no fixation was registered on the dot for 10 seconds, a re-calibration procedure was initiated. Following the fixation check, the stimulus (i.e., sentence or z-string) appeared, with the center of the first word presented at the position of the fixation dot so that participants always landed first on the first word of the sentence. Stimulus presentation was terminated when participants fixated an X in the lower right corner of the screen after the sentence was read. As noted, in about 25% of sentences, the presentation was followed by a comprehension question to assure that participants processed sentences semantically. This procedure was practiced in ten trials prior to the main experiment.
Data analysis
Fixation durations. The first word of each sentence was excluded from analyses, since the first word is known to be contaminated by stimulus onset effects. A total of 994 words were analyzed per subject. For each participant, all fixation durations from all analyzed words were extracted. Words with fixation durations shorter than 60 ms and longer than 1,000 ms and saccade durations longer than 80 ms were removed from the analysis (3.1% of the data) since they likely reflect machine error. On the basis of the remaining fixation durations, the mean was calculated in order to estimate each participant's individual mean fixation duration, separately for the reading and scanning tasks. Note, to account for the ex-Gaussian distributions (see Figure 1c ) for the statistical test we realized a log-transformation resulting in a normal distribution (Kolmogorov-Smirnov test not significant; D < 0.14; p > .7).
Estimation of the sampling frequency. To estimate the sampling frequency of eye movements in reading, first an event that has a repetitive nature (i.e., that takes place more than once) has to be identified, in our case the repetitive pattern of saccades. Second, the time between the first and the subsequent occurrence is defined as the sampling period, which can be transformed into a frequency value. To this end, we added fixation and saccade duration, to calculate the respective sampling period. The distribution of the sampling period is ex-Gaussian, for both reading and z-string scanning (Figure 1c ). Ex-Gaussian distributions are a convolution of a normal distribution and an exponential distribution reflecting the rightward skew. As Figure  1c shows, the central tendency is best represented by the mode, so that all subsequent fixation duration based frequency estimations are realized by a participant-specific mode (t). These subject-specific mode values are equivalent to the predominant sampling period of the respective participant, which in turn can be transformed to an individual eye movement sampling frequency (f = 1 / t).
Power spectrum. We performed a canonical frequency analysis by estimating a power spectrum for both tasks and all participants each. As mentioned before, for Figure 1e , we estimated the power spectrum based on a time series starting with the first saccade of the first participant and ending with the last fixation of the final participant for each task. For Figure 1f , the time series was cut into participantspecific time series, so that individual peaks could be recovered for each participant for each task. The time series was realized as a sparse sequence of zeros and ones (resolution: 1,000 entries per second), set to one at time points at which a saccade was initiated, and zero otherwise. Subsequently, a Fast Fourier Transform was used to estimate a power spectrum (power spectral density; psd_welch function from MNE-Python; (28) ; 0-100 Hz, length of the FFT used = 4096 samples) for each of event time courses separately. All data (also from the meta analysis) and analysis code will be made available when published.
Meta analysis
We included empirical studies that report eye-tracking results from natural reading tasks, published between 2006 and 2016. These studies were identified by the search term eye movement in "natural reading" or "sentence reading" or "text reading" in the PubMed (https://www.ncbi.nlm.nih.gov/pubmed) and PsychInfo (https://health.ebsco.com/products/psycinfo) databases. Additionally, 10 studies were manually identified (e.g., on the basis of reference lists in published papers). From the resulting sample of 124 articles we extracted 1,420 fixation durations, including mean fixation durations (all fixations on a word combined; 10% of the dataset), first fixation durations (duration of the first fixation on a word; 67%), and single fixation durations (fixation duration in case a word was fixated only once, which is the predominant case for normal readers; (e.g. (6); 23%). A full list of all included studies can be found in the Supplementary Materials 1. Note that the results of the above-reported experiment and its previous analysis (12) were not included. This meta analytic dataset encompassed 14 different languages, with a range from one (Arabic, Italian, and Polish) to 65 (English) retrieved papers.
Consistent with a general bias towards English in reading research (29) , 68% of fixation durations in our dataset were from English.
Frequency estimation. In order to estimate the predominant sampling frequency, per published study, we have to take into account, once more, the ex-Gaussian distribution of fixation duration data. Following the general trend in the eye movement reading literature, most studies reported only mean fixation durations (see (14) for an exception since, in addition, the fitted ex-Gaussion paramaters were reported). However, as shown in Figure 1c , mean fixation durations are not a consistent and valid representation of the predominant duration in the fixation data. For the purposes of the present meta analysis, we developed a transformation function that allowed us to estimate the mode from the mean fixation durations reported in the original publications (for details see Supplement 1). This transformation function was then applied to transform mean fixation durations extracted from the published original studies into the mode. In the final transformation the sampling periods (mode fixation duration plus mode saccade duration) were converted in a frequency value.
Writing system comparisons. In order to explore whether or not the sampling frequency of reading is influenced by global characteristics of writing systems and languages, we implemented two tests. First, Chinese reading (256 fixation duration data points) was compared to all alphabetic writing systems (1,215 fixation durations). Note that the Korean (alphabetic syllabary orthography; (30) ) and Japanese (using a mixture of Kana and Kanji) studies in the meta analysis could not be clearly assigned to the character or alphabet categories and therefore were not included into this contrast. Second, among the alphabetic scripts we examined the differences in transparency/opaqueness of the letter-to-sound relationship by a continuous predictor representing the number of grapheme-to-phoneme rules as defined by computationally implemented dual-route models (18) . A low number of number of grapheme-to-phoneme rules reflects a high transparency, meaning that letters more consistently represent only one speech sound. For example Italian, Dutch, and German are considered transparent orthographies, with 59, 104, and 130 rules, respectively; see (18)). English and French, in contrast, are typically considered as intransparent with 226 and 340 rules, respectively, because letters map to multiple speech sounds on a regular basis.
Both effects were analyzed using linear mixed models (LMM; (31) ). In addition to the parameters of interest, we accounted for the use of different eye-trackers in different labs, sampling rates of the eye-trackers, experimental settings (experiment vs. corpus based studies), and fixation measures presented (mean, single, or first fixation duration) by introducing these parameters into the LMM as fixed effects. In addition, we estimated the random effect on the intercept of study, to take into account unspecific differences between studies. t-values larger then 2 were interpreted as significant (cf. (32) ).
Supplement
Mean to mode transformation function
Eye fixation durations during reading are typically ex-Gaussian distributed (for an example see Figure 1c ). This distribution can be best modeled by combining a normal distribution with an exponential distribution. Therefore, central tendency of this distribution can be best described by three parameters; μ: mean of the normally distributed component; σ: standard deviation of the normally distributed component; τ: parameter reflecting the rightward skew, i.e., representing the contribution of the exponential distribution. For the frequency analysis, which investigates if a reoccurring event (i.e. a saccade) has a temporal structure, the mode of the ex-Gaussian distribution of the sampling durations (fixation plus saccade duration) indicates the most common fixation duration. In the literature on eye tracking of reading, it is more typical to report mean fixation durations. A central problem of the current meta analysis, accordingly, was the transformation of the mean fixation durations extracted from the included papers into mode values. Therefore, we implemented a mean-to-mode transformation function based on empirical datasets in three steps: (i) Ex-Gaussian fitting to existing datasets, (ii) using fitted ex-Gaussian parameters to simulate new informed ex-Gaussian distributions and derive a transformation function, and (iii) optimizing the transformation function.
Ex-Gaussian fitting to existing datasets. In detail, the function was determined as follows: First, we used 29 empirical datasets containing fixation durations (from 11 published studies, i.e., three German studies from our own lab, (1-3), and multiple English studies (4-10) for which datasets were openly available) to fit an ex-Gaussian distribution to the fixation durations of each of the datasets (see Fig. S1a ). Henceforth, these 29 datasets are jointly referred to as the 'simulation data'.
Using fitted ex-Gaussian parameters to simulate new informed ex-Gaussian distributions. After fitting, the three parameters describing the ex-Gaussian distribution were obtained for each simulation dataset. In a next step, we estimated one robust linear regression model (rlm function in R from the MASS package; (11)) for each of the three ex-Gaussian parameters (μ, σ, τ) where the respective parameter was predicted on the basis of the respective dataset's mean fixation duration ( Fig. S1b ; μ: 0.40, SE = 0.09, t = 4.6; σ: 0.14, SE = 0.09, t = 1.5 1 ; τ: 0.60, SE = 0.09, t = 6.7).
On the basis of the obtained linear regression coefficients (intercept, beta weight) for the fitted three ex-Gaussian parameter estimates, we are now able to simulate ex-Gaussian distributions (with 500 samples) for any mean value. For example, a mean fixation duration of 200 ms would translate to a μ value of 140, a σ value of 30 and a τ value of 40. With these parameters, one is able to randomly sample values form an ex-Gaussian distribution with exactly these parameters. The sampled values from the ex-Gaussian distributions then allow us to estimate the mode of the distribution, in our case around 150 ms, which allows us to directly relate this mode to the mean value of 200 ms.
To reduce estimation noise and increase robustness against outliers, we sampled ex-Gaussian distributions, not only for the 29 datasets available, but for the whole range of mean fixation durations (149 and 397 ms) that were entered into the meta analysis. From these 248 ex-Gaussian distributions, the mode values were derived connecting each mean to a mode value (e.g. as presented in Fig. S1d ). Finally, these mean and mode values allowed us to generate a generalized meanto-mode transformation function on the basis of only one linear regression (e.g. blue line in Fig. S1d ). Note that for the present research question, we on purpose neglected the specific experimental manipulations of the different studies of our simulation data.
Optimizing the transformation function. For an initial quality control, we used the obtained linear regression coefficients (intercept, beta weight) from the transformation function to transform the mean fixation duration of each of the 29 simulation datasets into a mode. Since we were also able to measure the mode of these datasets were able to compare the resulting simulated modes to the measured modes of each dataset directly. The residual errors of the 29 estimated modes, relative to the measured modes in the simulation dataset, for this initial transformation step are presented in Fig. S1c (Level 1) . The negative relationship between the measured mode and the residuals of the estimated relative to the empirically measured mode indicated a systematic overestimation for low modes and underestimation for high modes. To account for this systematic error, the simulated modes were corrected by a sequential procedure during which a linear model was used to describe this error in the residuals. The linear regression model
